Dlasma bicarbonate concentrations and lowered total 1. During the pre-replicative phase of the regenerating rat liver some interesting changes occur, which might selectively modify some mechanisms involved in bile formation, such as those responsible for the hypercholeretic effect of ursodeoxycholic acid. The aim of the present work was to gain information on this point.
1. During the pre-replicative phase of the regenerating rat liver some interesting changes occur, which might selectively modify some mechanisms involved in bile formation, such as those responsible for the hypercholeretic effect of ursodeoxycholic acid. The aim of the present work was to gain information on this point.
2. Anaesthetized male Wistar rats ( -250 g) were used. The animals underwent two-thirds hepatectomy 1, 6 or 12 h before collection of bile samples was begun. Very early after hepatectomy (1 h) spontaneous bile flow and bile acid output were increased. Both returned to values not significantly different from those of the controls at 6 h. Bile flow increased again at the end of the pre-replicative phase. Taurocholate infusion (200 nmol min-I g-calculated liver weight) induced increases in bile flow and bile acid output that were similar in both the control and hepatectomized rats, regardless of the time of the pre-replicative phase considered.
3. Cholic acid and ursodeoxycholic acid were infused (300 nmol min-I g-I calculated liver weight) into control and partially hepatectomized rats (at the mid-point of the pre-replicative phase, i.e. 6 h after surgical liver resection). Cholic acid-induced bile flow, bile acid and bicarbonate output expressed per g of remaining liver were similar in control and in hepatectomized rats. By contrast, ursodeoxycholic acid-induced choleresis was profoundly altered during the pre-replicative phase. As expressed per g of remaining liver, bile flow'was markedly reduced ( -17%, P<O.O5), in spite of total bile acid output being greatly increased ( + 14870, P< 0.001). The reduced choleretic effect of ursodeoxycholic acid may be due to a lowered stimulation of bicarbonate secretion ( -41%, 4 . Factors known to reduce ursodeoxycholic acidinduced bicarbonate secretion into bile, such as decreased Correspondence: Dr Jose Juan Garcia-Marin, Departamento de Fisiologia y Farmacologia, Facultad de Farmacia, 37007-Salamanca, Spain.
KO.01). ' hepatic carbonic anhydrase activity, cannot account for the loss of the ability of ursodeoxycholic acid to stimulate bicarbonate secretion during the pre-replicative phase. However, the bile acid conjugation patterns were dramatically altered early after hepatectomy (6 h). In bile from the control animals the major ursodeoxycholic acid conjugation was with glycine, whereas in hepatectomized rats it was with taurine. 5 . In summary, our results indicate that during the prereplicative phase of the regenerating rat liver, a loss occurs in the hypercholeretic effect of bile acids such as ursodeoxycholic acid. However, the choleretic effect of non-hypercholeretic bile acids such as cholic acid and taurocholic acid was not altered. Moreover, the existence of a relationship between the decrease in bile flow and bicarbonate output and the marked increase in the secretion of low-pK, conjugated bile acid derivatives is suggested.
INTRODUCTION
After two-thirds hepatectomy, a process of compensatory hyperplasia of the remaining rat liver begins. The histological and functional modifications taking place until the liver mass is restored have been well documented. We have previously reported that bile formation is profoundly altered from 12 h after liver resection [l-51. A n increase in Na+, K+-adenosine triphosphatase activity in the plasma membrane of rat hepatocytes [6] and the modifications in bile acid metabolism [7] and choleretic capacity [2] may partly account for these modifications in biliary function. Metabolic changes occurring to prepare the hepatocyte to enter into the cellular cycle might induce changes in conjugation and the secretion of free bile acids. Moreover, if conjugation plays a role in bile acid-induced choleresis, as is the case for ursodeoxycholic acid (UDCA) induced choleresis , it might be altered during the pre-replicative phase. The present work was undertaken to elucidate this point.
Although many studies have been carried out to investigate the hypercholeretic effect of UDCA [8, [11] [12] [13] [14] [15] , the mechanisms responsible for UDCA-induced choleresis are not fully understood. The available experimental data point to a key role for bicarbonate secretion as the mediator of the hypercholeretic effect of this bile acid [ l l , 12, 14, 151. UDCA-induced bicarbonate output is dependent on plasma bicarbonate concentrations and liver carbonic anhydrase activity [12] . The fact that the hypercholeretic effect of UDCA is preserved when bicarbonate is replaced by weak acids such as acetate or dimethyloxazolidine dione in the perfusion media of isolated rat livers, in addition to the fact that UDCA enhances the biliary concentrations of both acetate and dimethyloxazolidine,. suggests that bicarbonate is concentrated into bile by a mechanism which is secondary to H + efflux from bile [ 131. In this sense, the existence of a cholehepatic cycle for protonated molecules of UDCA has been postulated [8] . According to this hypothesis, bile acid with a high pK, value might be secreted into bile in anionic form and then protonated. In this form (more lipophilic) the UDCA molecules could escape from the biliary tree and reach the periductular capillary plexus. Once in the sinusoids, these molecules could be taken up and secreted again by the hepatocytes, inducing an additional bile flow. This is in agreement with the data of Farges el al. [16] on the permeability of the biliary tree to bile acids.
Part of this work has appeared in abstract form [ 171.
MATERIALS AND METHODS

Experimental protocol
Male Wistar rats ( -2 5 0 g) were obtained from the Faculty of Pharmacy, University of Salamanca, Spain, and fed on standard rat food (Panlab, Madrid, Spain) and water ad libitum. A 12 h light/l2 h dark cycle was controlled by a timer. Two-thirds liver resection (median and left lobes were removed) was carried out at 10.00 hours under ether anaesthesia according to the method of Higgins & Anderson [18] . The experiments were performed 1, 6 or 12 h after partial hepatectomy under sodium pentobarbital anaesthesia (5 mg/100 g body weight, intrapentoneally; Claudio Barcia S.A., Madrid, Spain). For the experimental procedure, the animals were surgically prepared as previously described [ 191 by cannulation of the jugular vein (to infuse bile acid solutions), carotid artery (to collect blood samples) and common bile duct (to collect bile samples). Immediately after cannulation, the animals were left for an equilibration period of 30 min (basal period). After this, bile was collected every 20 min in pre-weighed vials over an 80 min experimental period. In several experimental groups sodium taurocholate, dissolved in 0.15 mol/l NaCl containing 3% (w/v) bovine albumin (Fraction V, Sigma) was infused (200 nmol min-l g-l calculated liver weight) through the catheter placed in the jugular vein over the experimental period. The data shown in the Figures and Tables 2 and 3 correspond to the average of three values obtained from the last 60 min of the experimental period. At the mid-point of the pre-replicative phase (6 h), two groups of hepatectomized rats received cholic acid (CA) or UDCA at 300 nmol min-I g-' calculated liver weight for 80 min. Both CA and UDCA were dissolved in a previously prepared solution of 0.15 mol/l NaCI/0.1 mol/l Na,C03 (1:1, v/v) [l I ] containing 3% (w/v) bovine albumin (Fraction V, Sigma). The solution was filtered (pore diameter = 0.45 pm; Millipore; Afora, Madrid, Spain) and its pH was adjusted to 8.3 before dissolving the bile acid. The three bile acids (Sigma Chemical Co., St Louis, MO, U.S.A.) were more than 95% pure by t.1.c. All infusions were carried out at 50 pl/min using a peristaltic pump (LKB Instruments, Microperpex 2 132, Broma, Sweden). According to preliminary studies, the remaining liver weight was calculated after hepatectomy by assuming that resected liver mass was 62.8% of the whole liver weight. In non-hepatectomized rats, liver weight was calculated by considering a liver weight/body weight ratio of 3.33%. To test the accuracy of this estimation, actual liver weight, in all conditions studied, was determined at the end of the experiments. A few experiments in which actual liver weight was markedly different to the calculated value were discarded. At the end of some separate, but similar, experiments (in order to avoid changes in liver weight by swelling of the liver) the liver was perfused with ice-cold 0.15 mol/l NaCl through a cannula placed in the hepatic portal vein. The perfusion was continued until the lobes appeared free of blood and the perfusate recovered through a cannula placed in the vena cava was colourless. After thorough washing in ice-cold NaCI, the liver was used immediately for measurement of carbonic anhydrase (carbonate hydro-lyase; EC 4.2.1.1.) activity.
Analytical procedures
Bile flow was determined gravimetrically. The total bile acid concentration in bile was measured by an enzymatic technique [20] using 3a-hydroxysteroid dehydrogenase (Sigma). Sodium and potassium concentrations in bile were assayed by flame photometry (NAK 11, Meteor, Madrid, Spain). Biliary chloride concentrations were measured by titration with a silver electrode (Analytical Control 106; S.P.A. Turin, Italy). In anaerobically collected bile and blood samples determination of bicarbonate concentrations were carried out using a pH/ blood gas analyser (Corning 168; Halstead, Essex, U.K.). Carbonic anhydrase activity in liver homogenate was assayed by the electrometric method of Wilburg & Anderson [21] as previously described [22] . Protein concentrations were measured by a modification [23] of the method of Lowry. [24] . Individual bile acids were recovered in 100 mmol/l pyrophosphate buffer and bile acid concentration was measured in each eluate with 3a-hydroxysteroid dehydrogenase. CA, tauro-CA, glyco-CA, UDCA, tauro-UDCA and glyco-UDCA were used as standards. The recovery of bile acids was calculated by comparison with total bile acid concentrations measured before t.1.c. separation. It was, on average, 75%, a value similar to that reported by other authors who used the same technique [l 11.
Statistical analysis
Results are expressed as means f SEM. The Bonferroni method of multiple-range testing was used for calculating the statistical significance of differences, except for single comparisons of two means, when Student's t-test was used. Statistical analyses were made on a Macintosh computer (Apple Computer, Inc., Cupertino, CA, U.S.A.) with programs supplied by Apple Computer, Inc. Table 1 shows the comparison between the calculated and the actual liver weights in non-hepatectomized rats (control group) and in the rats that underwent hepatectomy 1, 6 or 12 h before bile sample collection was begun. The data indicate that liver mass was not significantly increased during the first 6 h of the pre-replicative phase. Only a slight increase ( + 18%, P<0.05) was observed in the 12 h group. Moreover, the liver weight calculated in the control rats from the liver weight/body weight ratio was not significantly different from the actual liver weight determined at the end of the experiments. These two observations are very important for expressing the results in terms of the weight of remaining liver and for calculating the dose of bile acids in experiments in which they were infused. As compared with non-hepatectomized rats, spontaneous bile flow was increased early after hepatectomy (1 h; + 25.1%, P< 0.05). It was decreased to values not significantly above those of controls at 6 h ( + 7.4%) and increased again at 12 h (-!-23.4%, P<O.Ol) (Fig. la) . However, spontaneous bile acid output was increased (+93.6%, P<O.Ol) only at 1 h after hepatectomy (Fig.   16 ). The electrolytic composition of bile (Table 2) was also altered. Potassium concentrations decreased after liver resection and remained low during the period studied. Chloride concentrations were only decreased at the time when bile acid secretion was increased. Biliary concentrations of sodium and bicarbonate were not significantly modified, although a tendency for the former to increase and for the latter to decrease was observed during the pre-replicative phase (Table 2) . We studied bile flow and composition in different groups when bile formation was stimulated by infusion of taurocholate. Fig. 2( a) shows that taurocholate-induced bile flow was not significantly different at any of the times studied after hepatectomy compared with that found in the control group. This finding is in agreement with the data on enhancement of bile acid output (Fig. 26) . When biliary electrolyte output was studied in taurocholatetreated rats, again a marked reduction in potassium, but not in sodium, concentration was observed ( Table 3) . Bicarbonate and chloride concentrations were modified at the end of the pre-replicative phase. Chloride concentrations were increased, whereas bicarbonate concentrations were lowered ( Table 3) .
RESULTS
Spontaneous and taurocholate-induced choleresis
UDCA-and CA-induced bile flow and bile acid output
At the mid-point of the pre-replicative phase of the regenerating rat liver, no significant decrease in the choleretic effect of CA was observed (Fig. 3a) . However, UDCA-induced choleresis was significantly reduced (Fig.  36) . This decrease ( -17%) was not due to a lowered bile acid output. Fig. 4( b ) shows that UDCA-induced total bile acid output was even higher (markedly higher, + 148%) in hepatectomized than in control rats. This effect was not observed when the bile acid infused was CA (Fig. 4a) .
Bile electrolytes during UDCA or CA infusion
As shown in Table 4 , no significant changes in bile electrolyte composition were observed during UDCA or CA infusion in control or partially hepatectomized rats, with the exception of bicarbonate. The biliary concentrations of this anion were lowered in hepatectomized groups. This decrease was slight in the case of rats receiving CA ( -5 mrnol/l, i.e. -15%; P<0.05), but was marked in rats receiving UDCA ( -12.2 mmol/l, i.e. -26%; P<O.Ol). During CA infusion, changes in biliary bicarbonate concentrations did not imply a significantly lower bicarbonate output (Fig. 5a) . However, the UDCAinduced bicarbonate secretion rate was markedly reduced (-41%, Fig. 56 ). This decrease in biliary bicarbonate concentrations and secretion were not accompanied by any significant reduction in plasma bicarbonate concentration or by a lower total carbonic anhydrase activity in the liver (Table 4) .
Changes in CA and UDCA conjugation patterns
Little of the UDCA present in bile was found to be unconjugated bile acid (less than 7%) either in the control or hepatectomized rats. By contrast, unconjugated CA constituted more than 25% of the total CA recovered in bile during CA infusion. The percentages of unconjugated bile acids were not significantly altered during the prereplicative phase of the regenerating rat liver. Nevertheless, profound changes in taurine and glycine conjugation were found during this phase (Fig. 6) . When UDCA or CA were infused to control rats most of the conjugated bile acids found in bile were glyco-UDCA and glyco-CA. However, in hepatectomized rats this proportion was dramatically reversed, i.e. the major conjugated bile acids in the bile from these rats were tauro-UDCA and tauro-CA. 
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DISCUSSION
Bucher [25, 261 has unequivocally demonstrated that hepatocytes begin to prepare for semi-synchronous cell division by 6-12 h after hepatectomy. Only after 12 h does a significant increase in DNA synthesis start, which reaches a maximal value at 18-20 h followed by a peak in the percentage of hepatocytes in mitosis at 24-26 h. These data are consistent with the values obtained by us for the calculated and actual liver wet weights after twothirds hepatectomy (Table 1 ). Only at 12 h after hepatec- In groups receiving CA infusion, n = 5. In groups receiving UDCA infusion, n 2 11. **P<O.Ol compared with the control group.
tomy was the actual liver weight slightly higher than the calculated weight. Thus, it should be considered that the amount of taurocholate infused per actual liver weight at 12 h was slightly lower than in the other experimental groups.
The stimulation of bile flow early after hepatectomy is probably due to the enhancement in the bile acid secretion rate. Although haemodynamic, nervous and endocrine changes occurring shortly after surgery cannot be ruled out as causes of this modification, the fact that after partial liver resection one-third of the liver mass has to handle a pool of bile acid which has been only slightly reduced might be enough to account for the higher bile acid output expressed per g of remaining liver. If a higher proportional bile acid pool does exist, a more pronounced effect of this fact on the secretion of these molecules into bile could be expected in the anaesthetized rat because, as has been reported [27] , anaesthesia with pentobarbital delays the exhaustion of the intestinal fraction of the bile acid pool in the rat, a species in which more than 90% of the total bile acid pool is known to be present in the intestinal tract at any time. In agreement with the data of Hatoff & Leffert [28] , who found that the bile acid pool was secreted by 4 h after bile collection started simultaneously to surgical liver removal, our results indicate that at 6 h after hepatectomy spontaneous bile acid output is restored and hence the pool size/liver weight ratio is probably decreased to its pre-hepatectomy value. Moreover, the fact that exogenous bile acid (taurocholate infusion) does induce a similar increase in bile acid output to that found in the control group, regardless of the time after hepatectomy (1, 6 or 12 h), also supports the idea that the early increase in spontaneous bile acid output is due to a higher disposal of bile acid by the liver rather than to a faster transport of these molecules. This is in agreement with a previous paper [2] , where it was reported that there was no modification in taurocholateinduced choleresis at the end of the pre-replicative phase.
Although slight changes in bile electrolyte composition do take place, the average basal bile flow, as well as the mechanisms responsible for taurocholate secretion, seems unaffected up to 12 h after hepatectomy, when an increase in the bile acid-independent fraction of bile flow has been described [l, 6, 281 and also observed in the present study. Therefore, 6 h after partial hepatectomy seems an appropriate time to use the pre-replicative rat liver in studies on bile formation, as discussed below.
Although many studies have been carried out to elucidate the exact nature of UDCA-induced hypercholeresis [8, [11] [12] [13] [14] [15] , this phenomenon is as yet not well understood.
However, it seems reasonable to conjecture that bile acid conjugation plays a role in this process [8-lo] . During the pre-replicative phase of regenerating rat liver a marked change in taurine metabolism occurs [29, 30] and we have found the bile acid conjugation pattern to be altered. The change in conjugated bile acids in bile consisted of a decrease in glycine-conjugated and an increase in taurineconjugated bile acids. This is not specific for UDCA, because a similar modification in the bile acid conjugation pattern is found for CA. In spite of this similarity, the effects of these alterations on bile acid output and bile flow are very different for the two bile acids. CA-induced choleresis, which is thought to be mainly due to the osmotic effect of bile acid molecules secreted into bile, was not significantly modified by hepatectomy. Nevertheless, UDCA-induced choleresis was markedly impaired during the pre-replicative period. At the biliary concentrations found in our experiments, both unconjugated and glycine-conjugated UDCA are susceptible to protonation because their pK, values are close to 5. However, the taurine-conjugated bile acid is a very strong acid with a pK, value lower than 1.8 [31, 321. The increase in bile acid conjugation with taurine induces an enhancement in the proportion of bile acid molecules with a low pK, in bile. Therefore, the changes in the bile acid composition in bile implies, in terms of the overall UDCA molecule population, a lowered ability to diffuse through the membranes. Moreover, a relationship between increased net bile acid output and the existence of a lower bicarbonate secretion is observed. Taken together, these findings suggest that the lipophilic properties of UDCA molecules may play a role in the hypercholeretic effect of this bile acid, as postulated by the chole-hepatic cycling hypothesis.
Modification of some enzymes involved in bile acid metabolism, such as 7a-hydroxysteroid dehydrogenase, is observed during the pre-replicative phase [33] . However, whether this is also true for the enzymes responsible for bile acid conjugation, i.e. choloyl-CoA synthetase [cholate: CoA ligase (AMP forming) EC 6.2.1.71 and bile acid-CoA: amino acid N-acyltransferase (EC 2.3.1), remains to be investigated. Concerning substrates for conjugation, some experimental data support the idea that taurine is involved in growth control in several tissues [34] . In this sense, changes in concentration of taurine and in the activities of most enzymes involved in its biosynthesis have been found during the pre-replicative phase of liver regeneration [29, 30] . Furthermore, taurine can probably modify UDCA secretion by mechanisms dependent and independent of a change in its conjugation pattern [35] .
Other possibilities to be considered as causes of prereplicative phase-related impairment in UDCA-induced choleresis include changes in the dynamics of electrolytes in the hepatocytes during this period of liver regeneration. The activity of the Na+-H+ antiport has been reported to play a role in UDCA-induced choleresis [15] and also this activity is modified during the pre-replicative phase [36] , presumably as part of the change in electrolyte dynamics involved in signalling the initiation of the proliferation of hepatocytes [37] and hepatoma cells [38] .
UDCA-induced stimulation of biliary bicarbonate secretion has been previously reported to require an intact liver carbonic anhydrase activity [ 121. The present study shows that total liver carbonic anhydrase activity is not reduced. However, recently, our group has reported the existence of this enzymatic activity in the plasma membrane of rat hepatocytes [39] . The role of the membrane-bound activity remains to be determined, but if this is involved in the mechanisms responsible for bicarbonate secretion into bile, it might be assumed that a selective change in this enzyme might affect UDCAinduced bicarbonate output. Because the carbonic anhydrase membrane-bound activity is a small fraction of total liver activity, the measurement of total liver carbonic anhydrase activity, carried out in the present study, does not allow us to rule out a role of the membrane-bound enzyme in the impairment of UDCA-induced bicarbonate secretion. A decrease in the activity of the membranebound enzyme might be masked by slight variations in the more abundant intracellular activity. Bicarbonate concentrations in plasma can also affect the ability of UDCA to concentrate this anion in bile [12] . However, our results permit us to rule out the possibility of an enhancement in bicarbonate diffusion from bile to plasma due to a decrease in plasma concentrations during the prereplicative period, because this does no occur.
In summary, these results clearly indicate that during the pre-replicative phase, UDCA-but not CA-or taurocholate-induced choleresis is impaired. This modification is accompanied by a decrease in bicarbonate secretion and an increase in total bile acid output. Moreover, the bile acid conjugation pattern is modified in the regenerating rat liver. These findings are consistent with a role for conjugation in determining the hypercholeretic effect of UDCA.
